In the search for a durable pest control management, biological control agents and photoselective covers are suitable candidates to be implemented in greenhouse crops. In this work, we studied the effects of a 50 mesh photoselective cover compared to a standard with similar characteristics but without UV-absorbing additives on the performance of Aphidius ervi Haliday (Hymenoptera: Braconidae), a widely used parasitoid to control aphids in vegetable crops. Four field experiments were conducted in La Poveda Experimental Farm (Central Spain) where a lettuce crop was grown during the years 2008-2010. Lettuce plants were infested by Macrosiphum euphorbiae (Thomas) (Hemiptera: Aphididae) and the parasitoid A. ervi was released and monitored throughout the crop cycle to evaluate any constraint in its performance produced by UVabsorbing nets. The ability of A. ervi to find and parasitize the host was not modified by the photoselective cover during the four seasons studied. Thus, we suggest that both strategies could be combined in the context of IPM in vegetable crops where this natural enemy is released.
Introduction
Hymenoptera parasitoids are considered key natural enemies for the biological control of aphid pests and they have been incorporated into IPM programs in protected vegetables all over the world (Longley 1999) . In Spain, the launching in 2004 of the National program ''Control of Insect Vectors of Plant Viruses in Horticultural Crops'', which promotes the adoption of biological control techniques among farmers (BOE 2004) , has strongly reinforced its use particularly in protected crops, so that the area under IPM or biological control has massively increased since then (Beltrán et al. 2010; Coexphal 2013; van der Blom et al. 2010a ).
An outstanding example is the province of Almeria (Spain) in which approximately 60 % of the 24,000 ha devoted to greenhouse horticulture was under biological control during the 2009-2010 cropping season (van der Blom 2010) . Among the various tactics to implement IPM to control pests in protected crops, two relevant examples are the use of biocontrol agents (Viñuela 2005 ) and the use of UV-absorbing covers that modulate the light environment altering host plant detection by insects (Johansen et al. 2011) .
Generalist aphid parasitoids such as those of the genus Aphidius rely upon a wide range of plant compounds to locate their hosts. In fact, volatiles acting as olfactory cues for parasitoids, the synomones, are quantitatively increased in plants after pest attack (e.g. aphids, Sasso et al. 2009; noctuids, Winter and Rosás 2007) and do not seem to change when plants are grown under UV covers (Winter and Rostás 2007) .
Besides chemical stimuli, the host seeking behaviour of parasitoids is driven by visual stimuli, both at long distance to locate their host-habitat (Goff and Nault 1984) and at short distance during the host acceptance process (Michaud and Mackauer 1994) . Therefore, the flight dispersal response to visual stimuli could be modified by covers that block the UV radiation transmission in the range of 280-400 nm (Espi et al. 2006 ) yet this influence seems to be species-specific (Chiel et al. 2006; Johansen et al. 2011) . For instance, several whitefly parasitoids have been reported to modify their dispersal (Doukas and Payne 2007) and parasitism rate (Chiel et al. 2006) in UV-deficient environments. In contrast, it has been argued that UV-absorbing plastics neither have a negative effect on the host location ability (Chyzik et al. 2003) nor in the parasitism rates (Chiel et al. 2006 ) of species in the genus Aphidius. However, a detrimental impact on the performance of these parasitoids cannot be discarded because they exhibit phototactic responses to green (568 nm) and blue (492 nm) light but to UV (380 nm) wavelengths as well (Chen et al. 2012) .
The species Aphidius ervi Haliday (Hymenoptera: Braconidae), one of the 25 most often used natural enemies in the world (van Lenteren 2012) , is considered a highly efficient parasitoid of several aphids, some of the most troublesome field pests in lettuce and occasional pests in many protected vegetable crops in Spain (Robledo et al. 2009 ). Aphid attack can cause market rejection of lettuce, a crop with very high revenue in Spain, which is the fourth world producer with more than 800,000 tons per year (Faostat 2011) . Macrosiphum euphorbiae (Thomas) (Hemiptera: Aphididae) is one of the four dominant aphid species that cause direct damage to lettuce plants (Cid et al. 2012; Nebreda et al. 2004; Parker et al. 2002) . It excretes honeydew that blocks stomata opening inducing the presence of blackish spots on leaves, and reduces yields due to direct feeding (Parker et al. 2002) . Moreover, M. euphorbiae is vector of several plant viruses, including the Lettuce mosaic virus (LMV: Potyvirus) whose most typical symptoms are a clear or dark green mosaic in leaves, growth reduction and failure to head (Moreno et al. 2007; Nebreda et al. 2004) .
In a preliminary experiment performed in spring 2008 under field conditions the number of M. euphorbiae was significantly larger under the standard cover compared to the UV-absorbing net, while the number of A. ervi mummies seemed not to be so much affected (Sal et al. 2009 ). However, to obtain a more complete understanding on the effect of a UVdeficient environment on the host finding ability of A. ervi, preliminary experiments were repeated over time and a closer analysis of the parasitoid dispersal was monitored. In addition to the experiment performed in spring 2008, three more crop cycles were conducted and the parasitoid spatial distribution was studied by means of the Spatial Analysis by Distance IndicEs (SADIE; Perry et al. 1999) . SADIE has been previously used to describe spatial patterns in animal and plant populations and to analyse the ecological processes underneath (Perry et al. 1999) . Many of these studies focused on agroecosystems aiming at unravelling the spatial relationships between pests and natural enemies to provide useful evidence on the dispersal of organisms and successfully promote biological control in the context of Integrated Pest Management (Davies et al. 2011 and references therein; Thomson and Hoffmann 2013) . In the present study, SADIE has been chosen as a useful tool to describe spatial relationships between aphids and their parasitoids to detect any possible constraint in parasitoid dispersal driven by a UV-deficient environment. The three specific questions that were addressed in this work are: (1) is parasitism rate of A. ervi modified under UV-absorbing nets? (2) Is A. ervi dispersal influenced by the lack of UV radiation in these nets? (3) Could both strategies, parasitoids and UV-absorbing nets, be implemented together to successfully control aphids?
Materials and methods

Experimental design
The experiments were carried out in field conditions in spring and autumn 2008 (4th March-30th April and 10th September-20th November), spring 2009 (3rd March-12th May), and spring 2010 (12th March-12th May) at the experimental farm ''La Poveda'' in Madrid, Central Spain. Two identical ''tunnel type'' greenhouses oriented North-South (6.5 9 8 m 9 2.6 m high), were covered by each of the two types of 50 mesh nets (20 9 10 threads/cm
-2 ) to be tested, following similar experimental set up as described by Legarrea et al. (2012) : a UV-absorbing (Bionet Ò , Meteor Agricultural nets Ltd., Petach-Tickva, Israel), and a standard of similar physical characteristics except for the property of blocking radiation (Criado y López, El Ejido, Spain). Greenhouses were five meters apart and divided in four equals plots separated with vertical walls made from regular 50-mesh nets. The radiation transmitted through both nets is shown (Fig. 1 ). Nets were not replaced during the three crop cycles studied.
In each plot, 66 lettuce plants at BBCH stage 13 (Meier 1997) were transplanted in 11 rows and provided with drip irrigation. The romaine lettuce cultivars used were Aitana in spring (Ramiro Arnedo, Calahorra, Spain) and Moratina in autumn (Syngenta Seeds, Barcelona, Spain), which were chosen based on their optimum seasonal performance acknowledged by local growers.
One week after transplant, three alate M. euphorbiae aphids were used to infest every third plant, which was marked for further monitoring (22 plants in every plot). Direct visual sampling was performed for 9-10 weeks on the marked plants and the number of aphids (alate and apterous) was recorded based on scale counts: 0 (0 aphids), 1 (1-4 aphids), 2 (5-19 aphids), 3 (20-49 aphids), 4 (50-149 aphids), 5 ([150 aphids). The need of using a scale is based upon our experience because the heart of the two varieties of lettuces grown is very compact. Consequently when the aphid density reaches high values, it is impossible to count the exact number with accuracy without damaging the plants.
When the density of aphids showed prevalence of scale 2-3 in the crop, the first release of A. ervi was performed. Mature mummies (parasitized M. euphorbiae by A. ervi), provided by Viridaxis SA (Gosselies, Belgium), were placed on a platform 1.5 m high in the centre of each experimental plot to allow recently emerged parasitoid adults to fly. Releases were done on a weekly basis during the next 4-7 weeks, at an initial average dose of 2 mummies/m -2 in spring of 2008 (the highest commercial recommended rate by that time) but it was increased in the following cycles (5 in autumn 2008, 9 in spring 2009 and 13.5 in spring 2010) because the number of parasitoids per plant was low and aphid control was not satisfactory up to 2010. The number of mummies in the marked plants was recorded on a weekly basis at the same time as aphid colonies were monitored. The parasitism rate in every plot during the four crop cycles was calculated by dividing the overall number of mummies and aphids. Besides, BBCH crop stage was recorded throughout the crop cycle (Meier 1997) .
Environmental conditions
Temperature and RH inside the nets were continuously monitored with Tinytag Ò data loggers (Gemini, UK). Rainfall, outer temperature, RH and solar radiation were recorded as well, from the weather station located in the farm (Vantage Pro2TMPlus, Davis Instruments Corp., CA, USA). Photosynthetically active (PAR: 400-700 nm) and ultraviolet (UV: 320-400 nm) radiation inside and outside the nets were weekly registered at noon time with Quantum meter radiometers (Apogee, USA) (models BQM and UVM, respectively).
Spatial and statistical analysis
The spatial distribution of aphids and parasitoids in each lettuce plot was studied by means of the Spatial Analysis by Distance IndicEs (SADIE) (Perry et al. 1999) , using spatially referenced counts in every sampling date. Based on the Index of Aggregation (I a ), the spatial distribution was categorized as random (I a = 1) or aggregated (I a [ 1), and the indices of clustering in patches (m i ) and gaps (m j ) were also calculated to determine the extent to which each lettuce plant contributes to the global clustering. By plotting the values of the indices m i and m j , the location of gaps and patches were visually identified and as a general rule, values larger than 1.5 indicated patchiness, lower than -1.5 that the insects in the lettuce plant were member of a gap and close to 1, a random placement of insects in that lettuce plant in relation to others nearby (Perry et al. 1999) . Differences in I a between the net types were compared, and the indices of clustering in the last sampling date in the Spring 2009 were displayed for each plot. Moreover, SADIE methodology allows the study of association between two data sets based on the indices of clustering previously calculated (Perry and Dixon 2002) . This method provides the spatial association index X that offers overall positive values when the spatial distribution of both data sets are associated whereas negative values indicate dissociation between them. Once again, measures of local association for each sampling point can be displayed in comprehensive plots (Perry and Dixon 2002) . The association index was used to test the spatial stability of parasitoids on subsequent sampling dates and to assess the extent to which the distributions of aphids and parasitoids were spatially associated in every plot.
For statistical purposes, aphid scale counts in samplings were transformed into number of aphids for analysis by considering the central value of every interval: 0 = 0 aphids, 1 = 3 aphids, 2 = 12 aphids, 3 = 34 aphids, 4 = 100 aphids, 5 = 150 aphids. To study the spatio-temporal distribution of aphids and mummies in every season, data were fitted into temporal models. Density of aphids and mummies per plant, parasitism rate (number of mummies per aphid ± SE), Ia of aphids and Ia of mummies were analysed by a Repeated Measures Linear Mixed Model (LMM) (Vonesh and Chinchilli 1997) in which the type of net and the number of days after transplant (DAT) were selected as between-subject fixed factors.
Furthermore, environmental parameters (temperature, RH or radiation) were compared by Student t-test (P \ 0.05) after normality checks using the Kolmogorov-Smirnov test. In cases in which data were not normally distributed a non-parametric Mann-Whitney-U test was applied to compare the two types of nets (Zar 1996) . Data were analysed with the SPSS 17.0 statistical package using the MIXED, TTEST and NPTESTS commands (SPSS Inc. 2009 ).
Results
Environmental conditions
Total rainfall during the assays was 123. Meteorological data under the standard and Bionet Ò nets are provided (Table 1) . Average and average minimum daily temperatures were similar but average daily maximum temperatures were significantly higher under the standard net (from 28.7 to 33.9°C) compared to the UV-absorbing net (from 25.1 to 30.3°C), which reflect an increase between 10.2 and 33.5 % depending on the crop cycle. There were no differences in average RH between both types of covers, even though the average daily minimum and maximum values were occasionally different.
Optical properties of the nets measured in laboratory conditions are shown in Fig. 1 . Only 40 % of UV radiation is transmitted through Bionet Ò , whereas as much as 80 % goes through the standard cover. These results were confirmed through the field measures as UV radiation transmitted inside the tunnels was significantly reduced by 53.2, 56.5, 45.7, and 43 During the crop cycle of spring 2010, the parasitism rate achieved a maximum value of 4.7 ± 3.6 mummies per aphid in the standard net and 2.3 ± 2.1 under the UV-absorbing net. Conversely, it did not achieved values over 0.3 in any of the previous crop cycles, no matter which cover was studied.
During all seasons, time measured as days after transplant (DAT) was a highly significant factor in the LMM analysis when density of aphids, parasitism rate and density of mummies in each plant were evaluated. Moreover, no overall interaction was found between the two between-subject factors considered in the model: type of net and DAT (data not shown). It is remarkable to note that no differences in the performance of A. ervi were observed between the two types of covers in 2010, when mummies were released early in the season for the first time compared to the other studies crop cycles [days after aphid infestation eight (2010), 20 (2009), 30 (2008) ] and at a higher rate (average mummies/m -2 : 13.5 in 2010-9 in 2009-2 and 5 in spring and autumn 2008), a complete suppression of aphids was achieved at the end of the crop (Fig. 2) .
Spatial patterns
The spatial distribution of A. ervi was not aggregated during most part of the four seasons studied, as only 36.0, 14.3, 20.0 and 4.5 % of the plots studied in spring and autumn 2008, 2009 and 2010 respectively, showed overall values of Ia over 1.5, which is assumed to be the threshold for significant aggregation (Table 3) . No particular trend was observed for the Ia as the crop progressed in time. Likewise, no statistical differences were found in the aggregation pattern of parasitoids under both types of covers.
As expected from the experimental design in which aphids infested every third lettuce, a non aggregated pattern was observed in the aphid population. Only a low percentage of the plots (22.5, 16.7, 21.3 
Spatial association
Relationship between the distribution of aphids and mummies was not consistent for each type of net or along any season (Table 3 ). There were occasional events of significant association (X [ 0.4, p \ 0.025) or dissociation (X \ -0.4, p [ 0.975) either in the standard or the UV-absorbing nets. Interestingly, these events occurred even though there was no apparent overall aggregation in the distribution of aphids or parasitoids. Overall, association events were found in about 28-33 % of the cases studied in spring, whereas it was noticeable only in 7 % of the plots studied in the autumn season of 2008. Occasional dissociation occurred but its significance was recorded in less than 10 % of the plots studied each season. The spatial display of areas showing significant association or dissociation is drawn in Fig. 3 for the season 2009. It varied within net plots so that the distribution did not follow consistent patterns. Analysis on temporal stability of the distribution of A. ervi mummies between net replicates is shown in Table 4 . Significant association between the distributions of mummies per plant in consecutive samplings ranged from 40 to 63 % of cases studied in the different seasons. Besides, no significant differences were observed between both types of nets regarding the analysis of association.
Discussion
The UV-absorbing greenhouse cover used in this experiment well preserved their properties throughout the duration of the trails (over two years from beginning to the end) as the recorded values of PAR and UV transmitted radiation were very similar in the four seasons studied. Bionet Ò has confirmed to partially block the transmission of UV radiation through the cover, as it has been previously stated in field experiments using nets of similar characteristics (Ben-Yakir et al. 2008; Kumar and Poehling 2006) . In all previous reports, this partial blockage of UV radiation was proven detrimental to the spread of insect pests and plant viruses (Antignus et al. 1998 (Antignus et al. , 2001 Ben-Yakir et al. 2008) . However, this is the first report on the effect of UV-absorbing 50 mesh nets (Bionet Ò ) on parasitoids. Regarding the results on insect dynamics, we can differentiate between the crop cycles of 2008 and the seasons of 2009 and 2010 in spite of the rather stable parasitism rate in every crop cycle. In 2008 parasitoids did not achieve a good pest control so that aphid population built up to over a hundred insects per plant near harvesting. In the latter seasons, some effective control was observed in the plots. In 2009, the population density of A. ervi was higher under the standard net and the parasitoid had a greater impact in the M. euphorbiae population density compared to Bionet Ò . However, the control was not completely effective because the density of aphids per plant reached high numbers (80) near harvesting. Finally, a Table 3 The spatial distribution of M. euphorbiae and A. ervi in a lettuce crop during the four seasons of study is compared between the two covers using SADIE methodology (Perry et al. 1999; Perry and Dixon 2002) Cases in which the index of aggregation of aphids was not available for the same sampling number as the mummies were analyzed using the aphid data obtained in the previous sampling
Effects of a photoselective greenhouse cover on the performance 273 Fig. 3 successful control was achieved in 2010 when the releases of parasitoids were anticipated in time, and as a consequence, the population of aphids could not build up in any of the covers studied. In 2008, when aphid population was not suppressed by parasitoids, the density of M. euphorbiae was higher in the standard net that in the Bionet Ò . Previous works on UV-absorbing films and nets have reported a detrimental effect on the performance of generalist aphids, such as M. euphorbiae (Legarrea et al. 2012) or Myzus persicae Sulzer (Paul et al. 2012) . It has also been reported that lower densities of insects such as whiteflies or thrips develop in crops grown under UVabsorbing films and nets (Kumar and Poehling 2006; Raviv and Antignus 2004) . Additional management benefits under these covers are the reduction of disease incidence caused by either plant viruses or fungal pathogens (Diaz and Fereres 2007) . However, performance of insects under UV-absorbing deficient environments seems to be species-specific. In this respect, the population increase of the specialist aphid Brevicoryne brassicae (L.) was promoted and the chewing insect Plutella xylostella (L.) showed a preference for feeding and oviposition in an environment that excluded UV radiation (Foggo et al. 2007; Kuhlmann and Müller 2010) . The primary causes underlying the detrimental effect of UV-deficient environments on aphid performance that we have observed still have to be determined. The indirect effects mediated through changes in plant quality and compounds such as aminoacids, flavonoids or cuticular waxes (Kuhlmann and Müller 2010) , phytohormones (Paul et al. 2012) or polyphenols (Peters 2012) could play a role.
Aside from the impact of Bionet Ò on the quantity and quality of radiation that penetrated through the cover, other environmental factors were also altered, such as the maximum temperature that was reduced in UV-absorbing nets. Although this effect was not noticeable regarding the average temperature, a reduction in temperature could enlarge the period of time to achieve the degree-days necessary for insects to completely develop, thus, having an impact in their life table parameters. Even a slight variation in temperature could show an impact on the developmental time of M. euphorbiae, which is reported to be reduced from nine to seven days when the temperature increases from 19 to 22°C (De Conti et al. 2011) . A slight delay in the parasitoid development measured by the time the mummies appeared in the crop occurred in the Bionet Ò in 2009, when significant differences on the number of mummies were found between the two types of nets in the different sampling periods. Apart from this season, no significant differences were found between the two types of nets regarding the parasitoid parameters studied. This result confirms previous works performed in UVdeficient environments in the close related species A. colemani (Chiel et al. 2006 ) and A. matricariae (Chyzik et al. 2003) . The spatial distribution of parasitoids was monitored through the mummies found in the sampled plants. Our study develops a realistic experimental design on the effect of UV-absorbing covers on parasitoids that allows free movement of parasitoids in a semi-natural display. Regarding the Ia values obtained in the study of mummies, the spatial pattern was not significantly aggregated in an area of the plot, no matter which type of cover we refer to. Furthermore, in Fig. 3 it is shown that the distribution of parasitoids is not constrained to the release point, located in the centre of each plot. Our work adds further evidence on the description of association between hosts and their parasitoids and may reflect the seeking behaviour of A. ervi, which can be described as very active, covering quite an ample region of search. This parasitoid uses comparatively much more time in searching than in handling or resting (Le Lann et al. 2011 ). There are occasional events of association and dissociation between the distributions of A. ervi and M. euphorbiae under the two types of covers and this confirms most of previous studies that have reported a substantial unstable association pattern (Davies et al. 2011 and references therein). However, no clear differential patterns were found between both nets in our study, and this is indicative that the visual host searching behaviour of A. ervi was not affected by the UV exclusion. These results are in agreement with our previous findings in this species in small cages experiments under greenhouse (1 9 0.6 9 0.6 m; Sal 2008) and with those of Chyzik et al. (2003) and Chiel et al. (2006) in other Aphidius species.
Analysis on temporal stability of the distribution of A. ervi mummies is shown in Table 4 . Significant association between the distributions of mummies per plant in consecutive samplings ranged from 40 to 63 % of cases studied in the different seasons. This percentage is higher than the association found between the spatial distribution of the aphids and mummies, adding evidence to support that the spatial pattern of parasitoids shows instability as previously described in the literature (Davies et al. 2011 ) and it is not strongly linked to the distribution of their host.
Results in the season of 2010 reflect the capability of A. ervi to control aphids when their population has not yet started an exponential growth, provided that the optimum dose of parasitoids is released. It means that the ability of the parasitoid to locate and parasitize aphids is fully operational at a low host-density, regardless the type of net used to cover the crop. This implies that it would be highly beneficial to maintain a low population of parasitoids in the greenhouse environment with the aim of achieving successful aphid control and preventing population build up.
In this study, we showed that A. ervi was not negatively affected under UV-absorbing nets regarding the three questions proposed. Neither had we observed differences in parasitism rate, nor constraints to the parasitoid dispersal and host seeking behaviour. It seems to be the case for A. ervi that chemical stimuli chiefly contribute to a successful seeking behaviour and aphid control as previously described for A. matricariae (Chyzik et al. 2003) . Therefore, we suggest that the combined use of UV-absorbing covers and A. ervi could be implemented in the context of a successful IPM in indoor crops where this enemy is released.
